The sluggish oxygen reduction reaction (ORR) greatly reduces the energy efficiency of solid oxide fuel cells (SOFCs). Here we report our findings in dramatically enhancing the ORR kinetics and durability of the state-of-the-art La 0.6 Sr 0. ) while maintaining excellent durability (0.7 V for B500 h). Near Ambient X-ray Photoelectron Spectroscopy (XPS) and Near Edge X-Ray Absorption Fine Structure (NEXAFS) analyses, together with density functional theory (DFT) calculations, indicate that the oxygen-vacancy-rich surfaces of the PrO x nanoparticles greatly accelerate the rate of electron transfer in the ORR whereas the thin PNM film facilitates rapid oxide-ion transport while drastically enhancing the surface stability of the LSCF electrode.
Introduction
The demand for clean, secure, and economically competitive energy has stimulated great interest in fuel cells for efficient energy conversion. [1] [2] [3] [4] Among all types of fuel cells, solid oxide fuel cells (SOFCs) are the cleanest, most efficient chemical-toelectrical energy conversion systems with excellent fuel flexibility. [5] [6] [7] [8] However, broad commercialization of SOFC technology is still hampered by high cost and limited system lifetimes. 9 The resistance from the oxygen reduction reaction (ORR) contributes the most to energy loss in the existing SOFCs, more so at lower temperatures. [10] [11] [12] Therefore, a key technical opportunity is to dramatically enhance the ORR kinetics and durability of the cathode at low temperatures.
As one of the most promising cathode candidates for intermediate-temperature SOFCs, La 0.6 Sr 0. 4 Co 0.2 Fe 0.8 O 3 (LSCF) has been extensively investigated because of its high electronic and ionic conductivities and good catalytic activity for the ORR. However, LSCF displays a higher degradation rate than La 1Àx Sr x MnO 3 (LSM) cathodes, attributed to Sr segregation near surfaces or interfaces, 13, 14 caused by electrostatic attraction of the negatively charged A-site dopants near the positively charged oxygen vacancies enriched at the surface. 15 The Sr-enriched phases (such as SrO islands on the surface) are detrimental to the surface activity, and also promote the formation and growth of other detrimental secondary phases (e.g., SrCO 3 , Sr(OH) 2 , SrCrO 4 , etc.), leading to timedependent degradation in performance. 16 19, 20 and SOFCs. 21 However, discrete particles may have limited effect on suppressing Sr segregation. 22 Recently, conformal perovskite coatings (e.g. La 0.85 Sr 0.15 MnO 3 ) have been deposited on LSCF surfaces to enhance performance and stability. 10, 23 When the crystal structure of the catalyst is similar to that of LSCF, the catalyst coating can be conformal and dense to effectively suppress Sr segregation and enhance the durability of the cathode. 24 For a catalyst-coated LSCF electrode, the porous LSCF backbone serves as a ''highway'' for facile transport of both oxygen ions and electrons (or electron holes) while the thin catalyst coating offers enhanced ORR activity and durability. 25 The desired catalyst layer should be conformal, highly active for ORR, and inert to contaminants encountered under realistic operating conditions. Here, we report our findings in dramatically enhancing both the ORR kinetics and stability of the state-of-the-art LSCF cathode by applying a conformal coating of a hybrid catalyst derived from a one-step infiltration process. 26 The hybrid catalyst is composed of a conformal film of the perovskite PrNi 0.5 Mn 0.5 O 3 (PNM) and exsoluted PrO x nanoparticles. Analyses suggest that the PrO x nanoparticles dramatically enhance the ORR kinetics via a high concentration of oxygen vacancies while the thin PNM film effectively suppresses Sr segregation from the LSCF phase, thus significantly enhancing the stability of the cathode. 27, 28 ) include better control over particle size, distribution, and morphological stability. To probe the surface chemistry and electronic structure of the hybrid catalyst in order to explain the mechanism of performance enhancement, we deposited a thinfilm of the catalyst on a model cell with a flat, dense LSCF electrode using pulsed laser deposition (PLD) (ESI, † Fig. S2 and S3). The similarity in the crystal structure of PNM to that of LSCF facilitates facile epitaxial growth of a dense and conformal coating of PNM on each LSCF grain (ESI, † Fig. S4 ), allowing us to evaluate its effect on suppressing Sr segregation and, thus, on enhancing the stability and durability of the LSCF cathode.
Results and discussion
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The unique architecture of the catalyst-coated electrode View Article Online suggest that the hybrid catalyst (PNM and PrO x ) has the highest ORR activity on LSCF. Further, the surface exchange kinetics of these cathodes was also determined from electrical conductivity relaxation (ECR) measurements ( , which is consistent with previous values reported for LSCF. [32] [33] [34] The k for PrO x -, PNM-and hybrid catalyst coated LSCF electrodes increased to B1.77 Â 10
À2
, 7.58 Â 10 À3 , and 7.50 Â 10 À3 cm s
À1
. The highest k of the PrO x -LSCF electrode may suggest that PrO x is most active for oxygen exchange; however, the hybrid catalyst-coated LSCF electrode showed the lowest R p in the symmetrical cell, suggesting that the overall rate of the cathode processes depends also on other factors such as the rate of ionic transport associated with the ORR. The conformal coating of PNM plays a vital role in facilitating rapid oxygen-ion transport into LSCF, as to be elaborated later.
Shown in Fig Shown in Fig. 2d are the power densities of the anode-supported cells with different cathodes operated at 750 1C under a constant cell voltage of 0.7 V for B500 h. Clearly, the cell having a hybrid catalyst coated LSCF electrode showed not only the highest power density but also the best durability. It is noted that the surface morphology/composition had slightly changed during the initial 110 h of testing; more PrO x particles were exsolved from the parent coating, leading to some improvement in performance during this period of time (ESI, † Fig. S8a and b) . After B110 h of operation, however, the morphology became reasonably stable; the subsequent durability in performance is attributed to the observed stability in morphology, composition, and structure of the hybrid catalyst coated LSCF electrodes (ESI, † Fig. S8c, d and S9-S11).
The origin of performance and stability enhancement
It is most likely that the two phases of the hybrid catalyst, PrO x and PNM, contributed synergetically to the ORR activity and the durability of the cathodes. Oxygen can be readily incorporated through highly active PrO x particles. The cells with PNM coating showed an initially lower performance (compared with the PrO x coating and hybrid catalyst coating) but a significant activation behavior over time. The hybrid catalyst coated-LSCF shows the lowest R p , highest power output, and best stability among the cathode combinations studied, suggesting that the PrO x nanoparticles dramatically facilitate the ORR kinetics, while the conformal thin PNM film enhances the stability. In order to test this hypothesis, we probed the surface electronic structure and composition of the bare LSCF (B100 nm), and PNM-, PrO x -and hybrid catalyst (B10 nm)-coated LSCF (B100 nm) thin-film model electrode systems using Near Ambient Pressure XPS and NEXAFS. Fast ORR kinetics: surface oxygen vacancies and charge transfer ability on PrO x . The electron transfer from the cathode surface to the oxygen molecule is an important step for the ORR. The density of states (DOS) near the Fermi level (E F ) is a simple descriptor used for characterizing the easiness of electron transfer. 35, 36 The X-ray photo electron spectra of the valence band (VB) provide information about the filled states (Fig. 3a) . The VB structures near the Fermi level for bare LSCF, and PNM-, PrO x -, and hybrid catalyst-coated LSCF are shown in Fig. 3b . Since the area of the VB spectra of all the samples was normalized to one, the intensity of the spectra represents the DOS in the VB. The DOS at E F for PrO x -LSCF and hybrid-LSCF was higher than those for either bare LSCF or PNM-LSCF (Fig. 3b) , indicating easier charge transfer from the PrO x -LSCF and hybrid-LSCF surface to absorbed oxygen molecules. 35, 36 For SOFC cathodes, the concentration of oxygen vacancies is also a decisive factor for fast oxygen exchanges. [37] [38] [39] [40] The change in the X-ray absorption spectra (XAS) and the intensity near the E F in the VB spectra as a function of temperature indicated that oxygen vacancies are readily formed in PrO x at elevated temperature, suggesting that PrO x nanoparticles are likely the active phase for ORR in the hybrid catalyst-coated-LSCF cathodes. 
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The NEXAFS probes the unfilled electronic states. For bare LSCF, the feature i in the O K-edge XAS (Fig. 3c) is attributed to the unoccupied states of the O 2p-transition metal (TM) 3d hybridization band. With increasing temperature, more oxygen vacancies form at the LSCF surface, leading to the population of electronic states near the Fermi level, and so the e g absorption feature (red arrow) intensity decreases. 41, 42 The t 2g absorption feature (black arrow) slightly increases, which is attributed to a change in the degree of covalency. 41, 42 From the transition metal (TM) L-edge XAS, a slight reduction in the Co valence state was observed, while the Fe valence state remained the same (ESI, † Fig. S12 ). For PrO x -LSCF, the O K-edge XAS (Fig. 3c ) is similar to that of the cubic PrO x , 43,44 consistent with the cubic structure of PrO x quantified by XRD (ESI, † Fig. S3 and S4 ). Similar to LSCF, the intensity of the feature i in the O K-edge XAS of the PrO x -LSCF, corresponding to the Pr 4f-O 2p hybridization band, decreased significantly with temperature. Such a decrease is likely due to the formation of oxygen vacancies, which leave excess electrons filling into the unoccupied Pr 4f-O 2p band. The change in the O K-edge XAS of the hybrid PNM-PrO x catalyst coated-LSCF followed the same trend as that on the PrO x -coated LSCF. The PNM-LSCF, on the other hand, did not show any detectable change in the O K edge XAS. Consistent with the change in the O K edge XAS above, with increasing temperature the intensity near the Fermi level in the VB spectra of the PrO x -LSCF increases and the top of the VB shifts up towards the Fermi level (Fig. 3b) . Such a change is likely due to the formation of oxygen vacancies in the PrO x -LSCF at high temperature, leading to creation of states near the Fermi level. The VB of the hybrid PNM-PrO x coated LSCF followed the behavior of the VB of the PrO x -LSCF, while the shift in the VB top is less on PNM-LSCF (Fig. 3b) . Furthermore, both the Ni and Mn L edge spectra for the hybrid catalyst ( Fig. 3d and e) did not show any noticeable variation with temperature, indicating no change in the Ni and Mn valence states. All these results indicate that the temperature-dependent changes of the VB structure and the O K-edge XAS of the hybrid PNM-PrO x catalyst with temperature arises from the formation of oxygen vacancies in PrO x . Based on oxygen vacancy availability as deduced from our XPS and XAS measurements, the PrO x is the active phase on the hybrid catalyst coated LSCF surface for a fast oxygen exchange process.
Enhanced durability: inherent chemical stability of the hybrid coating. To understand the mechanism for high stability of the hybrid PNM-PrO x catalyst-coated LSCF, we investigated the surface chemistry of LSCF, the hybrid catalyst, and the hybrid catalyst coated LSCF model thin films exposed to reactive gas (O 2 , H 2 O) at elevated temperatures. All samples were first cleaned from carbon in 200 mTorr O 2 at 300 1C, and then heated to 500 1C in O 2 . Subsequently, 10% H 2 O was added to the O 2 gas environment while the temperature was kept at 500 1C. Shown in Fig. 4 are the (La + Sr)/(Co + Fe) ratio for LSCF (quantified from La 3d, Sr 3d, Co 2p and Fe 2p peak area) and the Pr/(Ni + Mn) ratio for the hybrid catalyst (quantified from Pr 4d, Ni 3p and Mn 3p) as a function of measurement conditions. Clearly, the (La + Sr)/(Co + Fe) ratio of LSCF increased significantly as the temperature was increased from 300 to 500 1C in O 2 or when 10% H 2 O was introduced at 500 1C. In contrast, the Pr/(Ni + Mn) ratio of the hybrid catalyst varied only slightly under similar conditions. Furthermore, the LSCF surface became much rougher by forming large precipitate particles accompanying the large increase in (La + Sr)/(Co + Fe) ratio of LSCF. In contrast, the surface morphology of the hybrid catalyst stayed nearly unchanged Fig. S13 ). All these results prove that the hybrid catalyst surface is more stable chemically than LSCF when exposed to the gases relevant to SOFC operation at high temperatures. The O 1s, Sr 3d and Pr 4d photoelectron spectra provide further evidence to support that the hybrid catalyst has better stability than LSCF (ESI, † Fig. S14 and S15).
Mechanism of ORR acceleration probed by computation
Periodic density functional theory (DFT) simulations were performed to gain more insight into the mechanism of the enhanced ORR and stability on the hybrid catalyst coating, by examining oxygen adsorption, vacancy formation and oxygen transport processes. As will be seen below, the strong oxygen adsorption and easier vacancy formation predicted by DFT calculations here are consistent with the results obtained from XPS and XAS above. Furthermore, fast oxygen transport due to exsoluted PrO x particles and a more stable surface due to the conformal PNM coating can be expected based on these calculations, the latter also being consistent with the XPS results above. We calculated the oxygen adsorption energy on PrO 2 and oxygen vacancy formation energy in PrO 2 using PBE + U, 47 and we took CeO 2 as an excellent model catalyst reference for comparison. Shown in ESI, † Table S1 are the calculated oxygen vacancy formation energies (E V O ) for bulk PrO 2 and CeO 2 (1.04 eV and 4.69 eV, respectively) and the adsorption energy of O 2 on the PrO 2 (111) and CeO 2 (111) surfaces (À1.19 and B0.00 eV, respectively) with an end-on configuration. These quantities are characteristic of how fast the surface oxygen exchange and bulk oxygen diffusion kinetics are. 48 In comparison to CeO 2 , the stronger O 2 adsorption and much lower oxygen vacancy formation energy (E V O ) of PrO 2 support the ease of oxygen uptake and the exceptional ORR kinetics on the PrO 2 surface under the cathodic conditions. The strong adsorption of oxygen molecule (presumably as chemisorption) on PrO x is consistent with the easier charge transfer found on PrO x by XAS and XPS above. The calculated E V O for PrO x (1.04 eV) is much Table S2 ). This is also consistent with the larger amount of oxygen vacancies found in PrO x from the XPS and XAS measurements above. Furthermore, a localized oxygen vacancy transport channel could be formed in the thin-film PNM phase during the PrO x exsolution process, allowing for fast oxygen transport through the PrO x /PNM-LSCF electrode system. Localized growth of PrO x nanoparticles (Fig. 2 ) may inevitably result in local Pr deficiency in the parent PNM coating. Migration barriers for oxygen diffusion were calculated to understand the effect of Pr deficiency in the PNM bulk phase, similar to a previous study. 48 The stoichiometric bulk PNM structure has a migration barrier (E m ) of 1.26 eV, while the structure with Pr deficiency has a much lower barrier of 0.45 eV (ESI, † Table S3 ). More interestingly, the non-stoichiometric structure shows a smoothly curved vacancy trajectory, while the stoichiometric structure has a strong interaction between the vacancy and the neighboring ions ( Fig. 5a and b) . The bulk diffusion barrier E a is the summation of the migration barrier (E m ) and oxygen vacancy formation energy (E V O ), as compiled in ESI, † Table S3 . In effect, in this system the bulk diffusion barrier was lowered from 4.89 eV to 1.62 eV due to Pr deficiency (ESI, † Fig. S16 ). The 67% lowering of the bulk diffusion barrier in Pr-deficient PNM supports the possibility of fast oxygen transport through the thin PNM layer. In addition, we examined the migration energy of oxygen from the PrO x surface into the Pr-deficient PNM subsurface. To simplify the problem, we assessed the PrO x -terminated surface of PNM to represent the oxygen transfer from PrO x particles into PNM. The surface energy calculations show that PrO-terminated surfaces are more stable than Ni and Mn-terminated ones. As shown in ESI, † Fig. S17 , for the configuration without Pr deficiency in PNM, a 0.21 eV barrier is required to diffuse into the sub-surface, followed by overcoming a migration barrier of 0.93 eV to reach the oxygen vacancy. However, for the case with Pr deficiency in the PNM, oxygen is instantaneously incorporated into the sub-surface without a barrier, and then it hops by overcoming a 0.82 eV barrier. The 12% reduction in the migration barrier and the non-existence of the incorporation barrier clearly manifests that Pr deficiency in PNM could be a critical factor in enhancing the oxygen transport into and through the bulk layers. Overall, on the basis of the surface and bulk calculations, the enhanced ORR and fast bulk diffusion of the hybrid catalyst coated LSCF cathode is illustrated in Fig. 5c . Gas-phase oxygen adsorbs either preferentially on PrO x nanoparticles or on the PrO x -terminated surfaces of PNM, followed by dissociation. Subsequently, monoatomic oxygen diffuses through the PrO x surface or the 
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PrO x bulk, migrating down into PNM and to the cathode/ electrolyte interface. Finally, the lattice mismatch between PNM and LSCF is only 0.4%, allowing the formation of a conformal PNM coating on LSCF (as shown in Fig. 1c) , and the PNM layer protects the surface against chemical degradation. The segregation and phase precipitation of the A-site elements (e.g., Sr) are well accepted in the literature to be detrimental to the performance of LSCF and perovskite-related materials. 49, 50 Indeed, the continuous degradation in LSCF performance (Fig. 2d) is attributed to Sr segregation on LSCF as shown in Fig. 4 . One driving force for Sr segregation is the net positive charge at the surface due to the preferential formation of oxygen vacancies. 15 The coverage by a conformal hybrid catalyst layer with high oxygen vacancy formation energy (ESI, † Table S2 ) can suppress the oxygen vacancy concentration at the LSCF/PNM interface, and in turn decrease the driving force for Sr segregation. 22 Consistent with this argument, the hybrid catalyst surface was found to be much more stable than the LSCF surface, both electrochemically ( Fig. 2) and chemically (Fig. 4 ) when exposed to reactive gases at high temperatures.
Conclusions
In summary, both the ORR activity and the stability of the stateof-the-art LSCF cathode have been effectively enhanced through surface modification by an electrocatalytically active and robust hybrid catalyst coating composed of a conformal PNM film and exsoluted PrO x nanoparticles. The dispersed PrO x nanoparticles significantly accelerate the ORR kinetics because of the easier electron transfer and a larger concentration of oxygen vacancies at the surface. The inherently more stable PNM film greatly enhances the durability of the cathode by suppressing Sr segregation from LSCF. The combination of distinctive properties of the two separate phases, together with their unique morphology and architecture, provide a dramatic enhancement in electrocatalytic performance and long-term durability of a state-of-the-art electrode backbone. The process involves a simple, one-step surface modification. The demonstrated approach of surface enhancement is attractive not only for intermediate-temperature SOFCs, but also for other types of energy conversion and storage systems, including electrolysis cells for hydrogen production and membrane reactors for the synthesis of clean fuels.
Experimental
Methods and any associated references are available in the ESI. †
